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Abstract 

Although  organic  solar  cells  are  a  promising  source  of  inexpensive  photovoltaic  (PV)  power, 
their  low  efficiency  must  be  improved.  We  address  this  problem  in  a  radical  departure  from  the 
conventional  model  of  organic  solar  cells.  Our  architecture  is  based  on  photosynthesis  -  that 
other  example  of  organic  solar  cell  technology,  albeit  optimized  for  two  billion  years.  As  in 
biology,  we  separate  the  optical  and  electrical  functions  of  the  solar  cell  by  building  an  'antenna* 
on  lop  of  a  conventional  solar  cell;  see  Fig.  1.  Biomimetic  organic  solar  cells  operate  as  follows; 
The  antenna  absorbs  the  light,  and  acts  to  supplement  the  conventional  solar  cell  -  the  'reaction 
center’.  Most  importantly,  the  antenna  allows  the  reaction  center  to  be  much  thinner,  since  it  no 
longer  must  absorb  all  the  light.  Thus,  its  quantum  efficiency  can  approach  1 00%,  potentially 
doubling  the  performance  of  organic  solar  cells. 


Conventional  blend  ,  Photosynthetic  _  Biomimetic  organic 
organic  solar  cell  structure  —  solar  cell 


Semiconductors  Separate  electrical 
perform  both  optical  and  optical 

and  electrical  functions  components 


Solid  state  implementation 
of  photosynthetic  structure 


Fig.  1.  A  comparison  between  a  conventional  organic  solar  cell  architecture,  photosynthesis, 
and  our  external  antenna  with  plasmon-mediated  energy  transfer.  The  external  antenna  allows 
us  to  avoid  the  tight  absorption/internal  quantum  efficiency  tradeoff  common  to  organic  solar 
cells. 
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Introduction 


The  efficiency  of  solar  cells  based  on  molecular  materials  is  presently  limited  by  a  fundamental 
tradeoff:1 

To  absorb  as  many  photons  as  possible,  we  should  employ  thick  organic  semiconducting 
films.  But  many  of  the  excitons  in  thick  films  are  wasted,  since  they  are  absorbed  too  far 
from  a  dissociation  interface. 

But  as  shown  in  Fig.  2,  if  we  could  pump  thin  devices  parallel  to  the  electrodes,  we  could 
achieve  much  higher  absorption  efficiencies.  Here,  we  refer  to  the  charge  separating  structure  as 
a  reaction  center.  It  is  a  conventional  PV  cell,  except  it  is  thinner  and  optimized  for  high  internal 
quantum  efficiency. 


(a)  Perpendicular  excitation 

Reaction 


(b)  Parallel  excitation 


Fig.  2.  The  geometry  of  thin-film  PV 
cells.  Parallel  excitation  is  most 
effective,  especially  when  the 
excited  states  have  short  diffusion 
lengths. 


Parallel  excitation  can  be  achieved  by  harnessing  the  guided  optical  modes  of  the  PV  structure. 
As  shown  in  Fig.  3,  we  achieve  this  with  an  antenna  that  absorbs  incoming  photons  and  then 
transfers  the  energy  into  guided  modes:  either  radiative  waveguide  modes  or  non-radiative 
surface  plasmon  polariton  (SPP)  modes. 


Reaction 


Fig.  3.  Structure  of  a  PV  cell  with 
external  antenna.  There  are  two 
processes:  (1)  The  Antenna  absorbs 
incoming  photons  and  then  re-emits  into 
surface  plasmon  polariton  modes,  and 
(2)  the  SPP  modes  are  absorbed  by  the 
Reaction  Center. 

Thus,  the  biomimetic  design  splits  the 
electrical  and  optical  functions  of  solar 
cells. 


100-2Q0nm  10-20nm 


Separation  of  functions  allows  optimization  of  the  electrical  components  and  optical  components 
independently.  For  example,  we  can  increase  the  thickness  of  the  antenna  without  compromising 
the  electrical  performance.  Or,  we  could  employ  biological  materials,2  such  as  phycobilisomes, 
with  excellent  optical  properties  but  probably  poor  electrical  properties. 

This  report  describes  two  different  approaches  to  realizing  the  photosynthetic  architecture.  In 
Part  I ,  we  employ  surface  plasmon  polaritons  as  the  guided  mode,  in  Part  2,  we  use  photons. 
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Part  1.  Surface  plasmon  polariton  mediated  energy  transfer  in  organic 
photovoltaic  devices 

With  a  theoretical  efficiency  similar  to  conventional  inorganic  photovoltaics  (PV)  and  the 
potential  to  be  manufactured  inexpensively,  organic  semiconductor  technology  offers  a 
promising  route  to  ubiquitous  solar  energy  generation.  Unfortunately,  electronic  localization  in 
organic  semiconductors  yields  structured  optical  absorption  spectra  with  pronounced  regions  of 
weak  absorption.  This  limits  efficiency  because  the  short  exciton  diffusion  length  within  organic 
semiconductors  demands  uniformly  strong  absorption.1 

In  this  work,  we  enhance  the  optical  absorption  of  organic  PVs  by  fabricating  a  light-absorbing 
antenna  on  top  of  a  conventional  copper  phthalocyanine  (CuPC)-based  PV;  see  the  device 
structures  in  Fig.  4.  Light  absorbed  in  the  antenna  is  coupled  to  the  PV,  using  energy  transfer  via 
surface  plasmon  polaritons  (SPPs)  and  radiation  into  waveguide  modes.3  SPPs  are  a  particularly 
effective  energy  transfer  mechanism  as  they  propagate  in  the  plane  of  the  PV  rather  than  parallel 
to  the  incident  radiation,  thereby  providing  a  more  efficient  means  of  pumping  thin  charge 
generating  structures.14  In  addition,  the  SPP  mode  extends  deeply  into  both  dielectric  layers, 
extending  the  range  of  energy  transfer  up  to  ~  100  nm.  While  this  distance  is  much  longer  than 
the  range  of  intermolecular  Forster  energy  transfer,  the  ~  100  nm  energy  transfer  limit  demands 
antenna  materials  with  absorption  coefficients  of  at  least  a=  105  cm'1  to  capture  sufficient  light 
within  the  antenna. 

Fig.  4.  (a)  Devices  with  resonant  antenna 
cavities  have  the  structure:  glass/  indium  tin 
oxide  (ITO)  {1100  A)/  copper 

phthalocyanine  (CuPC)  ( 1 00A)/ 

CuPC;fullerene  (C60)  (1:1)  (100A)/C6Q 
{200A}  /  bathocuproine  (BCP)  (85A)/  Ag 
(150A)/30%  Rubrene  in  CBP  antenna 
(1250A)  /  Ag  (600A).  To  quench  or  enhance 
the  PL  efficiency  of  the  rubrene  antenna  we 
introduce  either  CuPC  or  DCJTB, 

respectively,  at  2%  weight  ratio. 

Concentration  quenching  is  minimized  in  the 
antenna  by  diluting  rubrene  with  CBP,  The 
devices  are  illuminated  from  the  glass  side. 
Organic  materials  were  purified  by  vacuum 
thermal  sublimation  prior  to  use,  All 
materials  were  deposited  by  thermal 
evaporation  at  -10'6  Torr.  All  active  device  areas  are  0,01  cm2,  (b)  For  measurement  of  energy 
transfer  efficiency,  high  internal  quantum  efficiency  superlattice  photodetectors  are  used  with 
the  structure:  glass/  ITO  (1100A)/  20  alternating  layers  of  CuPC  and  3,4,9,10- 
perylenetetracarboxylic  bisbenzimidazole  (PTCBI)  (each  layer  15A)/  BCP(85A}/  Ag  (205A)/ 
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin  (H2TFPP)  (850A).  The  photoluminescent  (PL) 
efficiency  of  the  H2TFPP  antenna  is  tuned  by  adding  4,4’-Bis{A/-carbazolyl)-1 ,1  ’-bipheny!  (CBP) 
at  varying  concentrations.  The  devices  are  illuminated  from  the  antenna  side. 
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Efficient  SPP-mediated  energy  transfer  also  requires  highly  efficient  photoluminescent  (PL) 
antenna  materials.  Unfortunately,  the  PL  efficiency,  rjpt,  of  highly  absorptive  organic 
semiconductors  is  typically  diminished  by  intermolecular  energy  transfer  known  as  concentration 
quenching.  To  exploit  less  absorptive  materials  with  higher  ijpl ,  we  enclose  the  antenna  within  a 
resonant  cavity.  As  shown  in  Fig.  4a,  the  resonant  antenna  is  employed  in  place  of  the  silver 
mirror  on  the  back  of  the  cell.  Off  resonance  the  antenna  acts  as  a  mirror,  but  near  the  resonant 
wavelength  the  antenna  absorption  is  significantly  enhanced,  and  energy  is  fed  back  into  the  PV 
cell  via  SPP-mediated  energy  transfer.  Thus,  the  resonant  antenna  structure  supplements  the 
performance  of  the  PV  cell  at  resonance,  with  no  degradation  off-resonance. 

We  couple  resonant  antennas  to  phthalocyanine-based  PV  cells,  which  exhibit  a  gap  in  their 
absorption  spectra  between  the  Q  and  Soret  bands.  To  help  fill  this  gap.  we  use  rubrene.  a 
common  organic  light  emitting  device  material,  which  has  an  absorption  coefficient  of 
a~  I04  cm'1  at  A,  -  550nm.  Using  rubrene  as  a  Fdrster  energy  transfer  donor  for  the  laser  dye  4- 
(dicyanomethylene)-2-/-butyl-6-(l,i,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran  (DCJTB), 

Hpl  =  (90±  1 0)%. 

To  tune  the  resonant  antenna  PV  shown  in  Fig,  4a,  we  calculate  the  expected  optical  absorption 
in  each  layer.1  A  l250A-thick  film  of  30%  Rubrene  and  2%  DCJTB  in  transparent  carbazole 
biphenyl  (CBP)  tunes  the  cavity  close  to  the  A.  ~  500  nm  absorption  peak  of  rubrene;  see 

Fig.  5.  We  model  energy  transfer  within  a  multilayer  organic  PV  stack  by  evaluating  the 
Poynting  vector.  P,  using  dyadic  Green's  functions.5  The  wavevector  dependence  of  energy 
transfer  from  the  antenna  to  the  PV  is  shown  in  Fig.  6a,  The  energy  transfer  is  plotted  against  the 
component  of  the  wavevector  parallel  to  each  interface  normalized  by  the  wavevector  magnitude 
in  the  antenna,  u.  Normalized  wavevectors  with  u  <  1  correspond  to  radiative  modes  while  those 
with  u  >  I  correspond  to  non-radiative  energy  transfer.  For  these  calculations,  the  dipole  is 
located  in  the  middle  of  the  antenna  layer.  Energy  transfer  occurs  predominantly  via  non- 
radiative  coupling,  mediated  by  SPP  modes  with  u  >  1 .  Loss  in  the  silver  layers  is  significant  but 
is  minimized  by  reducing  the  thickness  of  the  silver  cathode.  We  also  model  the  dipole  coupling 
efficiency  to  each  layer  in  the  PV  stack  as 
a  function  of  the  dipole  distance  from  the 
antenna/cathode  interface,  see  Fig.  6b. 

Near  the  cathode,  tjet-  54%,  but  the 
efficiency  decreases  beyond  -85  nm. 

Averaged  over  the  antenna,  ?jet=  31%. 


Fig.  5.  Calculated  absorption  within  the 
resonant  cavity  device  given  illumination 
from  glass  side.  The  tuned  cavity  results 
in  significantly  increased  absorption  in  the 
antenna  layer. 
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Fig,  6.  (a)  The  normalized  in-plane  wavevector  (u)  dependence  of  energy  transfer  throughout 
the  resonant  cavity  devices  is  shown  for  dipoles  oriented  perpendicular  to  the  antenna/cathode 
interface.  The  parallel  geometry  is  similar.  We  assume  tjpl  =  90%  at  X  =  650  nm.  Coupling  is 
greatest  for  dipoles  into  modes  with  u>1 ,  corresponding  to  surface  plasmon  polaritons  (SPPs), 
(b)  The  modeled  dipole  coupling  fraction  to  each  layer  in  the  photovoltaic  stack  as  a  function  of 
the  dipole  distance  from  the  antenna/cathode  interface.  Coupling  to  the  CuPC  and  C60  layers 
results  in  photocurrent. 

To  demonstrate  the  potential  improvement  possible  using  an  external  resonant  antenna  in 
conventional  C60/CuPC  PV  ceils,  we  compare  the  rubrene/DCJTB  antenna  device  to  a  control 
device  without  the  antenna.  Quenched  antennas  were  also  fabricated  with  the  addition  of  2%  of 
the  quenching  material  CuPC  instead  of  DCJTB.  External  quantum  efficiency  measurements 
were  made  using  a  xenon  lamp  with  monochromator,  chopped  at /=  90  Hz,  and  measured  using 
a  lock-in  amplifier.  Light  intensity  was  measured  with  a  calibrated  silicon  photodiode.  The 
external  quantum  efficiencies  of  these  devices  as  a  function  of  wavelength  are  shown  in  Fig.  7 
and  compared  to  the  reflectivity  of  the  antenna  cavity.  The  absorption  of  the  antenna  (from 


Fig.  5)  and  the  internal  quantum  efficiency  at  the  PL  maximum  of  DCJTB,  tjiqe  =  (30±10)%  at 
A,  =  640nm,  is  used  to  determine  tjet-  This  yields  tjet~  (25±10)%,  consistent  with  the  calculated 
result  of  /jet  =  3 1%  in  Fig.  3b.  As  illustrated,  with  improved  energy  transfer,  the  efficiency  in  the 
spectral  gap  between  absorption  peaks  could  be  significantly  improved.  The  absorption  modeling 
also  demonstrates  that  the  improved  quantum  efficiency  outside  the  region  where  the  resonant 
cavity  absorbs  is  due  to  reflectivity  changes  that  modify  the  electric  field  profile  within  the 
device. 


While  the  introduction  of  the  antenna  necessarily  adds  a  step  into  the  energy  transduction 
process,  it  can  be  successfully  employed  in  spectral  regions  where  the  absorption  fraction  of  the 
PV  cell  drops  below  tjEt •  To  reduce  the  uncertainties  in  the  measurement  of  /jet,  we  fabricate  an 
organic  superlattice  photodetector  and  antenna  without  the  resonant  cavity;  see  Fig.  4b.  This 
structure  should  also  enhance  /Jet,  since  it  allows  thicker  CuPC  layers  while  maintaining  a  high 
rj/QE,  thereby  increasing  the  absorption  of  SPPs  in  the  charge  generating  layers. 
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Fig.  7.  External  quantum  efficiency  (EQE) 
for  resonant  antenna  devices.  Devices  with 
functional  external  rubrene-based  antenna 
layers  exhibit  an  increase  in  EQE  over  the 
wavelength  range  where  rubrene  absorption 
occurs  and  the  cavity  reflectivity  decreases. 
Functional  antennas  (  )  employ  the  laser 
dye,  DCJTB,  whereas  nonfunctional 
antennas  (  )  employ  the  quencher  CuPC. 
The  functional  antenna  shows  a  significant 
performance  enhancement  versus  both  the 
quenched  antenna  and  devices  fabricated 
without  any  antenna  (A).  Comparison  with 
modeling  (  )  indicates  that  the  energy 

transfer  efficiency  is  approximately  25%. 

We  also  show  the  expected  EQE  for  energy 
transfer  efficiencies  of  0%,  50%,  and  75%. 


Under  an  applied  bias,  the  organic  superlattice  photodetector  is  expected  to  exhibit  an  internal 
quantum  efficiency  close  to  100%  for  excitation  by  SPP-modes.4'6  We  assume  i]iqe=  100% 
which  gives  a  lower  bound  for  rjET.  The  antenna  material  in  this  device  is 
tetrakis(pentafluorophenyl)porphyrin  (HiTFPP).  It  is  chosen  for  its  combination  of  moderate  PL 
efficiency  (t]pl  -  2-3%)  and  high  absorption  coefficient  («=  106  cm'1  at  k  =  400nm)  that  allows 
nearly  100%  of  incident  radiation  to  be  absorbed  in  the  absence  of  a  cavity  within  the 
-100  nm  range  of  SPP-mediated  energy  transfer. 

External  quantum  efficiency  measurements  were  made  at  a  reverse  bias  of  3.5V.  The  measured 
absorption  and  PL  efficiency  of  the  H^TFPP  antenna  is  used  to  determine  rjET  from  the  increase 
in  external  quantum  efficiency,  A tjeoe,  i.e.  Vet  =  A tjeoeI tjabs/  tjpl.  Four  H2TFPP  antennas  were 
fabricated  with  varying  PL  efficiencies  by  blending  HiTFPP  with  different  concentrations  of 
CBP.  The  addition  of  CBP  reduces  concentration  quenching.  To  eliminate  energy  transfer 
altogether,  additional  devices  were  fabricated  with  non-functional  antennas  comprised  of 
HiTFPP  codeposited  with  3.5%  of  CuPC.  Using  the  quenched  antenna  as  the  baseline,  and 
noting  that  the  absorption  of  HjFTPP  is  tjABs  =  75%  for  X < 450  nm,  we  obtain  ijet  =  (5 1±10)%, 
substantially  higher  than  the  resonant  antenna  result;  see  the  inset  of  Fig.  8.  Note  that  the  overall 
change  in  quantum  efficiency  is  lower,  however,  due  to  the  weak  tjpt  of  HiTFPP. 

The  peak  efficiency  of  SPP-mediated  energy  transfer  in  previous  studies'’  was  approximately 
rj£T=  5%s,  too  small  for  most  applications.  The  approximately  order  of  magnitude  improvement 
in  this  work  is  due  to  reductions  in  the  thickness  of  the  interfacial  silver  layer,  and  increasing 
SPP  absorption  in  the  organic  semiconductors,  which  must  compete  with  SPP  loss  in  the  silver 
layer.  It  is  possible  to  increase  the  quantum  efficiency  of  an  antenna  further  by  optimizing  the 
orientation  and  position  of  luminescent  antenna  excitons  with  respect  to  the  thin  Ag  cathode. 
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Fig.  8.  Measurement  of  energy 
transfer  efficiency  using  superlattice 
photodetectors.  Top:  Measurement  of 
external  quantum  efficiency  of  devices 
with  different  antenna  compositions: 
3.5%  CuPC  in  H2TFPP  ijpl  =  0% 
(solid),  100%  H2TFPP 

ijpl  -  (2.4±0.2)%  (long  dashed),  90:10 
H2TFPP:CBP  r)pL  =  (2.5±0.3)%  (short 
dashed),  70:30  H2TFPP;CBP 
tjPL  -  (3.4±0.3)%  (dotted).  Bottom: 
absorption  spectra  of  different  antenna 
layers  on  glass.  Inset:  Calculation  of 
energy  transfer  efficiency  normalized 
by  the  PL  efficiencies  of  the  various 
antennas  yields  t}ET=  (51  ±10)%. 
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Part  2.  High  Efficiency  Luminescent  Solar  Concentrators 
The  aim:  Reducing  the  cost  of  photovoltaic  energy 


Photovoltaic  (PV)  cells  remain  expensive  relative  to  alternative  sources  of  electrical  power. 
Their  cost  is  measured  per  Watt  of  peak  power  generated:  %IWP.  It  is  a  function  of  the 
manufacturing  cost  per  unit  area  of  the  PV,  divided  by  the  power  conversion  efficiency: 

s/w,-— 21  (') 

ir 

This  work  addresses  the  cost  of  PV  cells.  The  industry  standard  is  probably  First  Solar  Inc.  Their 
current  manufacturing  cost  for  CdTe-based  cells  is  approximately  $1 .50/Jf;,.7  First  Solar’s 
semiconductor  and  semiconductor-related  capital  costs  are  estimated  to  be  only  $0,08/ or 
approximately  10%  of  their  total  materials  costs.8  Despite  this  remarkable  achievement,  their 
overall  cost  of  %\.5Q!WP  is  still  significantly  more  expensive  than  the  US  Department  of 
Energy's  goal  of  $0.33/^. 


The  First  Solar  example  demonstrates  that  PV  costs  below  $1  !WP  cannot  be  obtained  merely  by 
employing  inexpensive  semiconductors.  Rather,  the  fundamental  structure  of  PV  cells  must  be 
simplified. 


Solar  Concentrators 

In  this  report  we  seek  to  lower  the  cost  of  PV  energy  by  utilizing  solar  cells  more  efficiently. 


Conventional  solar  cells  use  large  areas  of 
expensive  crystalline  Si  or  GaAs  to  collect 
light.  But  this  is  an  inefficient  use  of  high 
quality  semiconductor  materials.  Organic 
dyes,  for  example,  are  cheaper  and  more 
absorptive;  see  Fig.  9.  The  benefit  of 
crystalline  semiconductors  is  their  high 
quantum  efficiency  of  charge  separation 
and  charge  extraction;  electrical  properties 
that  are  difficult  to  obtain  inexpensively 
because  they  originate  in  purity  and 
crystalline  order. 


Annual  production  -  75  kilotons  -  35  kilotons 
Cost  in  PVs  S0.17/m!  >  $10/m* 

Fig.  9.  A  comparison  of  the  common  dye 
molecule  copper  phthalocyanine  (CuPC)  and 
crystalline  Si.  CuPC  Is  more  absorptive, 
cheaper,  and  produced  in  greater  quantities. 


Copper  phthalocyanine  Si 


Abs.  coefficient 


105  cttH 


^Q*  cnv1 


Concentrators  separate  the  functions  of  light  collection  and  charge  generation.  In  a  concentrator 
light  is  gathered  by  a  large,  inexpensive  collector.  The  collected  light  is  focused  on  a  small  area 
of  high  performance  semiconductor  such  as  crystalline  Si  or  GaAs.  The  ratio  of  the  area  of  the 
collector  to  the  area  of  the  PV  cell  is  known  as  the  geometric  factor,  G.  The  attraction  of  the 
concentrator  approach  is  that  the  complexity  of  a  large  area  solar  cell  is  replaced  by  a  simple 
optica]  collector.  PV  ceils  are  still  required,  but  large  G  values  can  render  their  cost  negligible, 
potentially  lowering  the  overall  %!WP.  Thus,  the  cost  model  for  a  solar  concentrator  is  a  function 
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of  the  manufacturing  cost  per  unit  area  of  the  PV  and  the  collector  cost  per  unit  area,  as  well  as 
rjf,  and  G: 

„  collector  cost  PV  cost  ... 

%W  = - +  — -  (2) 

%  Gt?p 

Thus,  the  design  of  a  solar  concentrator  requires:  (/)  minimizing  the  collector  cost,  (;'/) 
maximizing  tjp  (to  defray  the  collector  cost)  and  (Hi)  maximizing  Gijp  (to  defray  the  PV  cost). 

We  will  not  address  the  manufacturing  cost  of  the  collector  or  the  PV.  These  parameters  are 
influenced  by  economies  of  scale.  Rather,  we  seek  to  determine  the  feasibility  of  the  technology. 
We  seek  to  maximize  rjp  and  Grjp  in  luminescent  solar  concentrators. 

Luminescent  Solar  Concentrators 

Conventional  light  concentration  uses  mirrors  to  focus  light  onto  a  solar  cell.  For  optimum 
performance,  the  focal  point  of  the  light  must  be  maintained  as  the  sun  transits  the  sky.  The 
concentrator  requires  mechanical  tracking  to  maintain  the  focal  point.  Such  systems  are 
expensive  to  maintain  and  deploy.  They  also  require  extra  spacing  to  avoid  shadowing 
neighboring  concentrators.  The  simplicity  of  the  flat  solar  pane!  is  lost. 

First  proposed  in  the  1970‘s.9'11  luminescent  solar  concentrators  (LSCs)  consist  of  a  transparent 
waveguide,  such  as  a  sheet  of  glass,  doped  with  a  dye.  Light  incident  on  the  waveguide  is 
absorbed  by  the  dye  and  then  re-emitted  into  a  guided  mode  that  propagates  until  it  is  absorbed 
by  a  PV  cell. 


dye  molecules  in  waveguide 


(a) 

PV  cells 


solar 
radiation 


Fig.  10.  (a)  A  luminescent 
solar  concentrator.  Incident 
light  is  absorbed  and  re¬ 
radiated  by  dyes  within  a 
transparent  waveguide,  (b) 
The  operation  of  an  LSC  is 
demonstrated  by  illuminating 
one  end  of  a  dye  doped 
polymer  rod. 
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Assuming  photons  are  emitted  isotropically  by  the  dye,  the  solid  angle  trapped  by  total  internal 
reflection  is 

sin-'n^/n^ 

C2  =  2x  J  dd  sin#  (3) 

-»in'1ntfaJ/nOT, 


Normalizing  by  the  full  4ti  solid  angle  gives  the  trapping  efficiency,  q,rap 


dad 


(4) 


For  a  simple  glass  waveguide,  with  core  and  cladding  refractive  indices  of  ncore  =  1.5  and  nfw=  1, 
respectively,  approximately  75%  of  the  re-emitted  photons  will  be  trapped. 


Larger  trapping  efficiencies  are  also  possible.  Later  in  the  report  we  will  describe  LSCs  constructed 
with  nCOrt  =  1.7  and  Tjirap  =  81%.  It  is  also  possible  to  employ  an  omnidirectional  reflector  to  ensure 
that  rf,rap=  100%;  see  Specific  Aim  #3. 


The  Thermodynamic  Limits  of  Luminescent  Soiar  Concentrators 

The  concentration  limit  for  diffuse  incoming  radiation  is  m2,  where  n  is  the  refractive  index  of  the 
concentrator.  For  example.  Fresnel  lens  concentrators  typically  achieve  concentrations  of  a  factor  of 
two.  In  contrast,  luminescent  solar  concentrators  behave  like  optical  heat  pumps.12  Light  is  absorbed 
at  one  energy  and  re-emitted  at  a  lower  energy.12  The  energy  difference  is  lost  to  heat,  but  this  allows 
the  radiance  at  the  lower  energy  to  be  increased  far  beyond  the  n2  limit.12  The  maximum  power 
efficiency  is  determined  by  the  absorption  cutoff  of  the  dye;  see  Fig.  1 1 . 


Wavelength  [X] 


Fig.  11.  A  calculation  of  the  maximum 
performance  of  an  LSC  that  absorbs  all 
solar  radiation  below  a  cutoff  wavelength. 
For  an  LSC  coupled  to  Si  PV  cells,  we 
have  assumed  Voc  =  0.68V,  FF  =  0.801 , 
These  results  are  typical  of  high  quality 
Sunpower  cells.  For  the  GaAs  cells,  we 
have  assumed  Voc  ~  1.01V,  FF=0.8. 
Dotted  lines  are  estimates  of  the 
improvement  in  Voc  for  100  x 
concentration  of  solar  flux.  Given  a 
restriction  to  dyes  operating  in  the  visible 
or  near  IR,  GaAs  is  clearly  the  preferred 
match. 
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The  maximum  concentration  factor  for  a  given  dye  is  determined  from  thermodynamic  arguments:12 

(5) 


#-t  ^2 

G  «-vexp 


g|-g: 


kT 


Here,  e\  and  si  are  the  energies  of  the  absorption  cutoff  and  emission,  respectively,  for  a  dye  with 
absorption  cutoff  at  A.  =  650nm.  and  emission  peaked  at  \  =  770nm,  G  =  105. 


The  emission  wavelength  in  a  LSC  is  ideally  placed  just  below  the  absorption  cutoff  of  the  PV  cell. 
Thus,  the  wavelength  shift  between  the  dye’s  absorption  and  emission  reduces  the  spectral  range  of 
the  PV  cell.  But  it  is  important  to  note  that  solar  radiation  in  the  gap  between  absorption  and 
emission  is  not  necessarily  wasted.  It  is  transmitted  through  the  collector  and  can  be  gathered  by 
another  collector  or  used  to  heat  water  in  a  hybrid  photovoltaic  thermal  system. 


Wavslangth  [k] 


Fig.  12.  The  LSC  equivalent  of  a  multiple  junction 
solar  cell.  In  principle  the  approach  can  be 
extended  well  above  the  theoretical  single 
junction  limit.  After  Barnham,  et  al.13 


The  Advantages  of  LSCs 

(i)  Simple  construction  using  low  cost  materials 

LSCs  are  simpler  than  PV  cells.  The  only  components  are  the  waveguide,  the  dyes  and  a  package. 
No  conductive  electrodes  are  required  across  the  collector  area.  The  transparent  conductive  electrode 
is  expected  to  be  the  most  expensive  component  in  thin  film  PV  cells.14  The  collector  also  does  not 
require  scare  materials  such  as  In,  Ge  or  Te. 

(ii)  High  power  efficiencies  are  possible 

As  shown  in  Fig.  1 1  the  power  efficiency,  tjp,  of  a  luminescent  can  approach  that  of  a  high 
performance  crystalline  PV  cell. 

(iii)  Large  Concentration  Factors 

Since  only  the  edges  of  the  waveguide  are  covered  by  PV  cells,  the  concentration  factor,  G,  is  the 
ratio  of  the  window  width  to  thickness,  divided  by  the  number  of  edges  covered  by  solar  cells,  in  our 
preliminary  results  we  will  demonstrate  efficient  concentrators  with  G>25.  but  the  theoretical  limit 
is  much  larger;  see  Eq.  (5).  It  may  be  possible  to  exceed  G  =  1000. 

(iv)  Improved  open  circuit  voltage 

Concentration  improves  the  open  circuit  voltage  of  traditional  solar  cells  by  approximately  60  mV 
per  decade  of  solar  flux.  This  can  be  significant  for  G  >  10. 
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(v)  Minimal  heating 

Traditional  mirror-based  concentrators  usually  require  cooled  PV  cells,  But  cooling  is  not  required  in 
LSCs  because  heat  is  dissipated  across  the  collector  rather  than  in  the  PV  cells.  Photons  with 
energies  above  the  PV's  bandgap  are  downshifted  in  the  absorbing  dye  molecules  rather  than  in  the 
PV.  In  addition,  sub-gap  infrared  radiation  is  not  focused  on  the  PV  cell  as  in  a  conventional  mirror- 
based  concentrator.  Rather  it  is  transmitted  through  the  collector,  if  desired  the  infrared  radiation  can 
be  used  to  supplement  the  performance  of  the  LSC  by  heating  water. 

(vi)  No  tracking  required 

The  dye  molecules  are  randomly  oriented  hence  the  capacity  factor  is  optimal. 

(vii)  Defect  tolerant 

LSCs  are  intrinsically  tolerant  of  defects  because  of  the  many  parallel  paths  available  to  re-emitted 
photons  to  the  encircling  PV  cells.  In  contrast,  short  or  open  circuit  failures  in  PV  arrays  can  be 
damaging. 

Obstacles  to  LSCs 

Despite  these  potential  benefits,  early  work  on  LSCs  failed  to  overcome  two  crucial  obstacles:  self 
absorption  and  photostability.  Consequently,  only  a  bare  minimum  of  work  on  LSCs  has  persisted 
since  the  early  198G's. 

(i)  Photostability 

The  key  stability  concern  in  LSCs  is  the  emissive  dye.  This  dye  is  typically  a  red  or  infrared  emitter. 
Since  work  on  LSCs  was  largely  abandoned  there  have  been  significant  investments  in  the  research 
and  development  of  organic  light  emitting  devices  (OLEDs).  This  work  has  resulted  in  red  OLEDs 
that  now  routinely  exhibit  half-lives  exceeding  300,000  hours,  or  thirty  years.  Progress  in  OLED 
stability  was  achieved  by  advances  in  dye  molecule  design  and  packaging.  Both  of  these 
technologies  are  directly  applicable  to  LSCs. 


(b) 

IQ 

tfpL 
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19% 

60% 

200,000  hrs  @  500  cd/m2 

Glass  or  steel  can  dessicant 


Epoxy  or  other  sealant 


Fig.  13.  (a)  OLED  packaging  technology  is  directly  relevant  to  LSCs.  (b)  In  recent  years  the 
operational  stability  of  OLEDs  has  exceeded  30  years.  Here  we  show  stability  data  from  Universal 
Display  Corporation’s  set  of  phosphorescent  dye  molecules.  We  also  plot  the  external  quantum 
efficiency  of  the  OLEDs  and  an  estimate  for  the  minimum  photoluminescent  efficiency  of  each  dye 
calculated  by  assuming  a  maximum  of  24%  outcoupling.5  Excitation  densities  within  OLEDs  are 
significantly  higher  than  expected  in  LSCs.  Nevertheless  the  OLED  example  proves  that  the 
photostability  problem  can  be  solved  (especially  in  the  red  and  near  IR,  where  it  matters  most  for 
LSCs). 
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(ii)  Self  Absorption  in  LSCs 


It  is  essential  that  the  dye  in  a  LSC  be  transparent  to  its  own  radiation,  otherwise  re-radiated  light 
will  be  rapidly  re-absorbed.  If  it  is  reabsorbed,  there  are  two  potential  loss  processes:  the 
photolumineseent  efficiency,  r/p^,  may  be  less  than  unity  and  the  energy  may  non-radiatively  decay 
to  heat:  or  the  waveguide  trapping,  T],rap ,  may  be  less  than  unity  and  the  photon  may  be  re-emitled 
outside  the  guide, 


Fig.  14.  Radiation  from  a  dye  molecule  may  leave 
the  waveguide  or  be  absorbed  by  other  dye 
molecules.  Such  self  absorption  is  an  important 
source  of  loss. 


Let’s  define  r  to  be  the  self  absorption  probability 
for  a  photon  in  the  waveguide.  It  is  a  function  of  the  overlap  between  the  normalized  emission 
spectrum  of  the  dye  f(X)  and  the  absorption  coefficient  of  the  dye  a(A.).  The  absorption  coefficient 
must  be  scaled  by  the  concentration  of  the  dye  within  the  waveguide.  We  express  the  concentration 
as  the  effective  thickness  of  the  dye  layer,  /,  divided  by  the  thickness  of  the  waveguide,  D,  For  a  dye 
molecule  in  the  center  of  a  square  LSC  with  length  L,  the  self  absorption  is  given  by 


*n 


r  =  ■ 


*/* 

jdA  Jsinf 9d0  J  f/^/(/l)(l-exp[-2ar(^)fG/sin0cos 

-jt/4 


CO  wfl  jt/4 

jdA  j  sin  Qdd  J  d<j>f{X) 

-ff/4 


o  ft. 


(6) 


where  we  noted  that  the  geometric  factor  is  G  =  L/4D.  We  can  simplify  this  expression  in  the  case  of 
weak  self  absorption 


r*2G 


cos  £ ... 


00 

log (3  +  2\/2  J  j dA f(?J)a{A)t 


(7) 


Note  that  the  self  absorption  increases  linearly  with  the  geometric  factor.  Once  a  photon  is 
reabsorbed  it  may  be  re-emitted  and  eventually  reach  the  PV.  The  net  contribution  of  multiple 
reabsorption  events  is  described  by  a  geometric  series.  Thus,  the  internal  quantum  efficiency,  rjigs, 
defined  as  the  fraction  of  absorbed  photons  that  are  guided  to  the  PV,  is: 

n,QR  =  nn^rop  0  -  r)  +  0 -r)  +  l?«VVW(,"',)  +  "'  (8) 


Simplifying  Eq.  (8)  yields 
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tflQE  ~ 


(9) 


This  expression  is  plotted  in  Fig.  15. 


Fig.  15.  The  internal  quantum  efficiency 
as  a  function  of  the  concentration  factor. 
We  have  assumed  /7mp  =  81%  and 
rjPL  =100%.  The  efficiency  is  plotted  for 
various  absorption-emission  overlap 
integrals.  Dotted  lines  indicate  that  the 
result  is  inaccurate  since  the  self 
absorption  probability  Is  too  large  for  the 
assumption  leading  to  Eq.  (7). 


The  rule  of  thumb  is  that  to  achieve  a 
desired  geometric  concentration  factor.  G, 
we  require 


G  < 


f  tc  ^ 

\0\dXf(£)a(X)t 

l  o  J 


(10) 


While  the  Stokes  shift  between  absorption  and  emission  renders  most  organic  dyes  quite  transparent 
to  their  own  fluorescence,  the  self  absorption  requirements  of  LSCs  are  extremely  stringent.  The 
ratio  of  self  absorption  to  the  dye's  peak  absorption  must  be  on  the  order  of  the  concentration  factor. 
For  example,  consider  a  2mm-thick  waveguide  that  is  1m  wide.  The  concentration  factor  is  500, 
Thus,  the  self-absorption  must  be  less  than  l/5000lh  of  the  peak  absorption  of  the  dye.  This  is 
difficult  to  achieve  with  traditional  laser  dyes.  For  example,  the  classic  laser  dye  DCM,  which  was 
preferred  by  Zewail,  et  al9'y{)  in  their  pioneering  1979  study  has  a  normalized  self  absorption  of 
approximately  10%,  which  limits  the  concentration  factor  to  G  ~  1. 


(iii)  Power  efficiency 

To  date,  the  best  combination  of  LSC  performance  {qP  =  2%,  and  Grjp  =  50%)  was  achieved  using 
DCM.9  '0  As  we  have  demonstrated,  these  results  are  significantly  below  the  theoretical  limits  of  an 
LSC.  Furthermore,  it  is  striking  that  the  DCM  result  has  not  been  bettered  since  the  original  1979 
study.  These  low  qP  and  GqP  results  are  the  most  important  obstacle  to  LSCs. 
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Research  Aim: 

Exploiting  F&rster  Energy  Transfer  for  Improved  Grjp 

Near  field  energy  transfer  can  be  used  to  enhance  the  wavelength  shift  between  self  absorption  and 
emission.  In  particular,  Forster  energy  transfer,  which  couples  the  transition  dipoles  of  neighboring 
molecules,  can  be  exploited  to  couple  a  dye  with  short  wavelength  absorption  to  a  dye  with  longer 
wavelength  absorption. 

Fig.  16.  (a)  In  a  pure  film  absorption  and  emission  of 
light  is  performed  by  the  same  molecular  species,  (b) 
When  a  second,  lower  energy,  dye  is  added,  the  host 
material  can  transfer  energy  to  it  without  emission  of  a 
photon,  introducing  a  substantial  energy  shift  between 
absorption  and  emission. 

We  implemented  Forster  energy  transfer  to  improve  the 
performance  of  Zewail  et  al’s  DCM-based  concentrator. 
In  the  new  low-self  absorption  concentrator,  DCM  is  employed  in  much  lower  concentrations. 
Optical  absorption  is  instead  performed  by  two  common  OLED  materials,  tris(8-hydroxyquino!ine) 
aluminum  (AlQj)  and  rubrene.  Both  materials  are  fluorescent  at  high  concentrations  and  are 
therefore  capable  of  energy  transfer  to  a  low  density  of  DCM.  Because  Forster  energy  transfer  is  a 
short  range  (-3-4 tun)  interaction,  all  the  dyes  are  co-evaporated  in  a  thin  film.  The  substrate  is  a 
10x10x0.1  cm  glass  sheet  with  nco„  =  1.7  and  a  Sunpower  Si-based  solar  cell  attached  to  one  edge. 
Earlier  concentrators  were  made  by  diffusing  dyes  within  a  polymer  substrate.4 1"  However,  the  low' 
dye  density  in  such  devices  precludes  the  use  of  Forster  transfer  to  minimize  self  absorption. 

The  absorption  and  emission  spectra  of  the  pure  DCM  and  the  modified  concentrators  are  shown  in 
Fig.  17.  Note  that  in  these  devices  DCM  has  been  replaced  by  a  modern  variant  DCJTB. 


(a)  (b) 


Fig.  17.  (a)  The  absorption  spectrum  of  DCJTB  shows  significant  overlap  with  its  emission 
spectrum,  (b)  At  lower  concentrations  of  DCJTB  the  self  absorption  is  reduced.  Here,  photons  are 
absorbed  by  AIQ3  and  rubrene. 
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The  external  quantum  efficiency  of  an  AIQ3/rubrene/l%  DCJTB  device  with  G  =  25  is  shown  in  Fig. 


18. 


Fig.  18.  The  external  quantum  efficiency 
of  the  1%  DCJTB  concentrator  as 
recorded  in  the  center  of  the  glass 
substrate. 


We  also  plot  the  quantum  and  power  efficiencies  in  Fig.  19. 
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Similar  to  the  o^igi^al',,,,"  DCM-based  concentrator,  the  power  efficiency  in  this  device  is  rjp  =  2.3% 
(for  G  =  25).  But  the  lower  self  absorption  is  of  benefit  at  high  geometric  factors  when  Gtjp  ~  100%, 
approximately  twice  the  performance  of  previous  results. 

The  ideal  dye  complex  of  Fig.  16  looks  very  similar  to  a  phycobilisome.  Hence  our  current  work 
aims  to  implement  LSCs  using  phycobilisomes.  We  are  building  glass  wells  for  phycobilisomes  in 
solution  and  attaching  a  solar  cell  to  one  edge. 
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Summary  of  outcomes  this  year 


Publications 

1.  Novel  energy  transfer 

-  Our  energy  transfer  theory  was  published  in  Optics  Express5 

2.  Krestchmann  measurements  of  SPP  losses  in  organic  PV  cells. 

-  This  was  published  in  Applied  Physics  Letters'1 

3.  SPP-mediated  resonant  antennas 

-  This  is  currently  in  review. 

4.  Luminescent  solar  concentrators 

-  We  are  writing  this  up  and  considering  commercialization  of  the  technology. 

5.  Phycobilisome-based  solar  concentrators 

We  are  preparing  this  work  as  a  follow-on  to  the  LSC  paper. 

Patents 

We  have  Hied  for  two  patents: 

1.  Photovoltaic  cells  with  external  antennas 

2.  Luminescent  solar  concentrators 
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ABSTRACT 

The  photosynthetic  reaction  center  (RC)  is  one  of  the  most  advanced  light  sensing  and  energy  converting  materials 
developed  by  Nature.  Its  coupling  with  inorganic  surfaces  is  attractive  for  the  identification  of  the  mechanisms  of 
interprotein  electron  transfer  (ET)  and  for  the  possible  applications  for  the  construction  of  protein-based  innovative 
photoelectronic  and  photovoltaic  devices.  Using  genetically  engineered  bacterial  RC  proteins  and  specifically 
synthesized  organic  linkers,  we  were  able  to  construct  self-assembled  and  aligned  biomolecufar  surfaces  on  various 
electrodes,  including  gold,  carbon,  indium  tin  oxide  (ITQ),  highly  ordered  pyrrolytic  graphite  (HGPG)  and  carbon 
nanotube  (CNT)  arrays.  Our  results  show  that,  after  immobilization  on  the  electrodes,  the  photosynthetic  RC  can  operate 
as  a  highly  efficient  photosensor,  optical  switch,  and  photovoltaic  device. 

bioelectronics,  biophotonics,  self-assembly,  photosynthetic  reaction  center,  photovoltaic,  interface 

L  INTRODUCTION 

The  development  of  the  next  generation  of  nature  inspired  highly  efficient  energy  converting  devices,  sensors,  or 
information  processing  devices  requires  integration  of  biological  and  inorganic  materials,  and  ultimately  will  lead  to  the 
construction  of  integrated  bio-inorganic  hybrids  [I,  2],  The  advantages  of  photosynthetic  proteins  for  use  in  photo- 
energetic  and  photo-electronic  devices  include  their  extremely  high  efficiency,  ultra- low  size  and  weight,  precise  and 
highly  reproducible  spatial  organization,  the  possibility  of  heatless  amplification  and  processing  of  electronic  signal,  the 
relative  simplicity  of  construction  and  modification,  and  the  possibility  of  device  self  assembly,  self  healing,  and 
adaptation  [2,  3],  The  main  problem  in  the  construction  of  such  devices  is  overcoming  the  energy  barrier  between 
biomolecules  and  the  electrode,  allowing  for  efficient  charge  separation  and  electron  transfer  [4]. 

The  high  efficiency  of  primary  charge  separation  in  photosynthetic  RCs  is  due  to  directed  vectorial  electron  transfer  (ET) 
within  the  protein  which  leads  to  the  formation  of  a  dipole  with  the  field  density  of  about  106  V/cm  (Fig,  1)  [5],  This 
dipole  has  a  life  time  about  0. 1  s  that  is  several  orders  of  magnitude  longer  than  the  time  of  its  formation  (0.2  ns)  [2,  6-8]. 
To  exploit  the  advantages  of  RC  and  to  generate  an  electric  current  from  the  RC  dipole,  the  protein  must  be  properly 
bound  and  oriented  to  the  electrode.  In  principle,  the  protein  can  be  bound  to  the  electrode  through  either  its  primary 
donor  (P-side)  or  acceptor  side  (Q-side,  or  H-subunit)  (Fig.  IB)  [9],  Recently  we  initiated  a  series  of  experiments 
studying  the  possibility  of  using  the  RC  protein  in  construction  of  photoelectronic  and  photovoltaic  devices.  We 
constructed  protein  monolayers  on  the  surfaces  of  carbon  and  gold  electrodes  with  the  RC  attached  to  the  electrode  by 
either  its  P-or  Q-sides  [4,  10].  Then  we  tested  the  functional  activity  of  the  constructed  devices  and  their  dependence  on 
the  protein  orientation,  distance  to  electrode,  bias  voltage,  and  the  type  of  protein  binding  (wiring)  to  the  electrode. 

2,  VECTORIAL  PHOTO-INDUCED  ELECTRON  TRANSFER  BETWEEN  ELECTRODE  AND 

PHOTOSYNTHETIC  PROTEINS 

In  our  experiments  we  used  genetically  engineered  RC  proteins  from  R.  sphaeroides  containing  a  poly  histidine  tag  at 
the  C-terminal  end  of  M  subunit  at  close  proximity  to  the  RC  primary  donor,  P  (Fig.  1)  [4,  10].  The  protein  was 
expressed  in  SMpHis  strain  of  R.  sphaeroides  and  purified  on  a  Ni-nitrilotriacetic  acid  (NLNTAJ  column  as  described 
elsewhere  [4,  It,  12].  For  unidirectional  binding  of  the  protein  to  electrode  through  the  tag,  we  constructed  a  bifunctional 
linker  with  one  end  having  an  NT  A  group  to  be  attached  to  the  protein  and  the  other  end  having  a  pyrene  group  to  be 
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attach  to  carbon  electrode  or  thiol  group  to  be  attached  to  gold  or  indium  tin  oxide  (ITO).  For  the  construction  of  protein 
monolayers  with  the  alternative  RC  orientation  we  used  N~(  1  -pyrene)  iodoacetamide  that  binds  photosynthetic  RC  to  the 
electrode  through  a  single  Cys  group  exposed  at  the  surface  of  H  subunit  (13],  Two  surfaces  with  opposite  protein 
orientations  allows  us  to  compare  the  efficiency  of  the  ET  between  the  protein  and  the  electrode  at  protein  orientation 
with  donor  (P-side)  or  acceptor  (H-subunit  side)  facing  the  electrode.  In  some  experiments  we  utilize  a  carbon  coated 
gold  grid  as  the  electrode.  The  high  conductivity  of  the  carbon  film  allows  the  grid  to  function  as  an  efficient  electrode 
[  14t  15]  and  this  same  substrate  permits  the  direct  observation  of  the  RC  films  by  transmission  electron  microscopy. 


Fig.  L  A.  Fnergy  and  kinetic  diagram  of  electron-transfer  in  photosynthetic  RC  of  R.capsuiatus.  P.  B*  H  and  Q 
denote  bacteriochiorophyll  special  pair  (primary  donor),  monomeric  bacteriochlorophyll,  bacteriopheophytin, 
and  ubiquinones,  respectively.  Redox  midpoint  potentials  are  indicated  vs  NHE.  B.  The  structure  of  protein 
estimated  by  cry  stallographic  analysis  (reconstruction  from  IPCR  file  in  Protein  Data  Bank).  H-subunit  is  al 
the  lop  of  the  image.  The  primary  donor  (P)  is  at  the  bottom.  The  pigments  inside  the  protein  sea  Hold  are 
shown  with  balls. 


Illumination  of  the  constructed  RC-functionalized  electrodes  in  buffered  solutions  led  to  the  generation  of  photocurrent 
(Fig.  2).  Comparison  of  the  photocurrent  at  two  protein  orientations  revealed  two  fundamental  effects.  First,  within  the 
protein  the  photocurrent  always  follows  the  same  direction,  from  the  primaiy  donor  to  the  primary'  acceptor.  That  is 
when  the  RC  is  bound  to  the  electrode  by  its  H-subunit  side,  the  photocurrent  is  anodic,  and  when  the  RC  is  bound  to  the 
electrode  by  its  P  side,  the  photocurrent  is  cathodic  (Fig,  2  A).  Second,  RC  oriented  to  the  electrode  at  the  P  side 
generates  considerably  higher  photocurrent  and  reaches  a  photochemical  steady  state  approximately  an  order  of 
magnitude  faster  than  when  oriented  at  the  H-subunit  side  (Fig.  2C).  Applying  a  bias  voltage  to  the  RC- functionalized 
electrode  demonstrates  a  rectify  ing  effect  (Fig,  2B).  When  RC  is  bound  by  its  P  side  the  photocurrent  is  generated  only  at 
potentials  more  negative  than  0.3V  versus  NHE,  The  midtoint  potential  for  P/P+  couple  has  been  reported  to  be  between 

0.46  and  0.55V  versus  NHE  [16,  17],  This  suggests  overpotential  of  '0.2V  is  needed  to  see  a  significant  rate  for 
reduction  of  P*.  When  the  RC  is  bound  to  the  electrode  by  its  H-subunit  side,  the  photocurrent  is  generated  at  potentials 
more  positive  then  0.2V  versus  NHE  (Fig.  2Bf  Ubiquinone  at  the  Qbsite  has  a  midpoint  potential  for  theQHVQ  couple 

between  0.05  and“0.05V  versus  NHE  [18,  19].  This  suggests  overpotential  of  -0.2V  is  required  to  see  a  significant  rate 
for  the  oxidation  of  reduced  ubiquinone.  Using  same  overpotential  (0.3  V),  the  growth  to  steady  state  photocurrent  as  a 
function  of  time  for  both  orientations  of  RC  is  shown  in  Fig.  2C,  The  data  was  fit  to  a  single  exponential  function,  /  = 
/s(  l-exp(-W)),  where  /  is  the  measured  photocurrent  at  time,  t  and  k  is  the  photocurrentat  steady  state  and  is  the  apparent 
rate  constant.  For  P  side,  k^5± I  s"1  and  for  the  H-subunit  side  k  =  0.5±0. 1  s"1* 

At  both  orientations  RC  shows  a  dependence  on  the  incident  photon- to* current  conversion  efficiency  (1PCE)  with  the 
wavelength  of  excitation  light  (action  spectrum)  similar  to  the  RC  absorption  spectrum  confirming  that  the  photocurrent 
is  generated  by  RC. 
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Fig.  2.  A,  Photoinduced  electric  current  in  carbon  electrodes 
covered  with  RC  protein  bound  to  the  electrode  either  through 
the  cysteine  at  the  top  of  the  I  l-suhumt  (H-sidc),  or  through  the 
polyhistidine  at  the  close  proximity  of  the  primary  donor  (P 
side).  In  both  cases,  reaction  buffer  contained  40  pM  quinone2 
and  40  pM  reduced  cytochrome  c  as  diffusible  HT  mediators. 
For  the  H-subunit  orientation,  the  electrode  potential  was  set  at 
0.3  V  vs  NHE,  For  the  P  side  orientation,  electrode  potential 
was  set  at  0.05  V  vs  NHE.  The  arrows  indicate  light  on  (|)  and 
off  (1),  Excitation  >  700nm.  0.  IW.nf:  at  the  electrode  surface. 
B.  The  effect  of  the  bias  potential  on  photoinduced  current.  The 
experimental  conditions  are  the  same  as  above.  C.  The 
normalized  kinetics  of  photocurrent  for  each  RC  orientations. 
For  H-side  orientation,  the  electrode  potential  was  set  at  0.3  V 
vs  NHE.  For  P  side  orientation,  electrode  potential  was  set  at 
0.2  V  vs  NHE.  Other  parameters  are  the  same  as  above.  I) 
The  schematic  of  the  device  (for  P-side  RC  orientation). 


The  origin  of  lower  efficiency  of  electron  transfer  between  RC  and  electrode  when  the  protein  facing  the  surface  by  its 
Q-side  in  not  very  clear  at  the  moment.  To  test  the  effect  of  electrode  coverage  for  two  RC  orientations  we  performed 
electron  microscopic  (TEM)  examination  of  carbon  electrodes  (at  high  protein  concentration)  and  atomic  force 
microscopic  (AFM)  examination  of  gold  surfaces  (at  low  protein  concentration,  so  that  single  protein  molecules  can  be 
seen).  In  AFM  images,  we  observed  7-8  nm  particles  on  the  surface  of  the  electrodes  that  are  closed  to  size  of  RC  protein 
estimated  by  crystallographic  analysis  [20],  The  average  particle  densities  observed  in  TEM  images  (Fig.  3)  were 
approximately  G.017±O.GO4  per  nm'  for  the  RC  bound  at  the  P  side  and  Q.0150±0.003  per  nnf  for  the  RC  bound  at  the  H- 
subunii  side  indicating  the  similar  and  high  level  of  coverage  for  the  electrode  surfaces  in  both  cases. 

We  observed  no  specific  protein-protein  association  or  patterning  for  both  protein  orientations  although  linear  protein 
chains  and  clusters  were  occasionally  seen.  When  we  assume  that  RC  has  an  average  molecular  size  of  -7  nm  then  at  a 
100%  surface  coverage  the  density  of  RC  should  be  approximately  0.02  per  nm:.  These  results  indicate  that  for  our  film 
preparations  with  both  protein  orientations  we  got  75-80%  of  electrode  coverage  with  the  protein.  Thus,  the  decrease  in 
the  efficiency  of  photocurrent  in  the  case  of  RC  facing  the  electrode  with  its  Q-side  is  more  likely  due  to  the  longer 
distance  of  electron  tunneling  between  RC  internal  ET  components  and  the  electrode,  but  not  the  difference  in  electrode 
coverage  at  two  protein  orientations.  Indeed,  according  to  Marcus’  theory,  the  difference  in  1-2  nm  (due  to  the  presence 
H-subunit  at  protein  binding  by  Q-side)  can  decrease  the  efficiency  of  electron  tunneling  by  several  orders  of  magnitude 
[21].  (The  actual  difference  in  the  rate  of  ET  observed  in  experiments  might  be  less  dramatic  due  to  the  effects  of  media, 
tilting,  etc.)  Thus,  the  slower  rate  to  reach  the  photochemical  steady  state  (and  lower  photocurrent)  for  RC  bound  by  its 
H-subunit  side  might  be  due  to  the  increase  in  the  distance  between  the  ET  molecules  and  the  electrodes  due  to  insulating 
effect  of  H  subunit. 
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These  results  demonstrate  that  RC-covered  gold  and  carbon  electrodes  that  we  constructed  are  highly  (nearly  totally) 
covered  with  RC  protein.  The  constructed  electrodes  can  generate  photocurrent  that  direction  dramatically  depends  on 
protein  orientation  and  thus  operate  as  a  photorectifier.  The  results  also  show  that  some  parts  of  RC  protein  may  act  as 
insulators  and  thus  protein  modification  is  required  for  improving  the  electrical  contact  between  RC  and  the  electrode. 

2.  THE  EFFECT  OF  DISTANCE  AND  DRIVING  FORCE  ON  PHOTO-INDUCED  ELECTRIC 
CURRENT  BETWEEN  PHOTOSYNTHETIC  PROTEIN  AND  ELECTRODE 

For  designing  efficient  electrical  contacts  between  RC  and  electrode  we  performed  a  series  of  experiments  identify' ing 
factors  controlling  ET  between  immobilized  RC  and  electrodes.  We  constructed  a  set  of  gold  electrodes  with  Ni(NTA)- 
terminated  alkanethiol  self-assembled  monolayers  (SAMs)  of  different  thicknesses  {3,  6,  10,  and  t5  methylene  units)  and 
immobilize  the  RC  on  top  of  them  through  poly  His  tag  located  at  the  C-terminal  end  of  the  protein  M -subunit.  As  we 
have  mention  above,  this  binding  allows  for  specific  uniform  protein  orientation  in  all  our  preparation. 

The  thicknesses  of  the  constructed  monolayers  were  estimated  by  ellipsometry  assuming  a  30°  tilt  for  the  alkane  chain 
[22-24].  The  results  demonstrated  excellent  correlation  between  predicted  and  observed  thicknesses,  linear  dependence 
of  the  monolayer  thickness  on  the  number  methylene  units  within  the  alkanethiol  used,  and  confirmed  nearly  100%  of 
surface  coverage  with  this  SAMs  for  all  constructed  surfaces  (Fig.  3A,  Table  1).  After  conversion  of  the  carboxyl- 
terminated  SAMs  to  Ni(NTAMerminated  SAMs  the  thicknesses  increased  by  3-6  A  which  is  consistent  with  a  recent 
report  about  the  thickness  of  the  Ni(NTA)  group  [25]  and  indicates  moderate  disordering  introduced  by  this  head-group. 
After  the  immobilization  of  RC  on  the  top  of  the  linkers,  the  thicknesses  of  the  monolayers  increase  further  by  3-3.4  nm, 
the  same  value  for  all  constructed  surfaces.  (Fig.  3,  Table  l). 

2.1  Distance  attenuation  factor. 

Illumination  of  all  constructed  surfaces  led  to  the  generation  of  electric  currents  in  the  supporting  electrodes.  Fig.  4 
depicts  the  kinetics  of  photocurrent  at  the  onset  of  illumination  at  bias  voltage  +0.10  V  (vs  NHE)  for  the  set  of  the 
constructed  electrodes.  As  one  might  expect,  the  steady-state  photocurrent  and  the  rate  of  achieving  it  increase 
dramatically  with  the  decrease  in  the  distances  between  RC  and  electrode. 

When  we  plotted  the  logarithms  of  steady  state  “ON”  and  “OFF”  photocurrents  vs.  distance  to  electrode  we  observe  two 
functional  areas  (Fig.  4B).  At  short  distances  to  electrode  (<1  nm)  the  current  is  nearly  independent  on  the  distance,  but  it 
substantially  decreases  at  distances  longer  than  1  nm.  According  to  Marcus  and  others,  the  rate  of  electron  tunneling 
between  a  protein  and  an  electrode  should  exponentially  depend  on  the  distance  between  RC  and  electrode  [21, 26-28]: 

k  =  k0  exp[-pn] 

where  k  is  the  steady  state  rate  of  ET  for  given  applied  voltage  at  given  SAM  thickness  (ko  is  the  rate  at  zero  distance),  |3 
is  the  distance  dependence  parameter  (tunneling  attenuation  factor),  and  n  is  the  distance  between  the  protein  and 
electrode  expressed  in  the  number  of  methylene  units  in  the  linker.  Analysis  of  the  decay  of  ET  with  the  distance  to 
electrode  for  the  linkers  with  10  and  15  methylene  units  gives  distance  dependence  factor  for  the  constructed  surfaces  - 
0.87  per  methylene  unit  (Table  1),  That  value  is  typical  for  alkanethiol  SAMs  [28-31],  Extrapolation  of  this  dependence 
to  the  zero  distance  allows  for  estimation  of  maximal  rate  constant  for  electron  tunneling  between  the  electrode  and  RC 
for  the  constructed  surfaces  (ko=l04-lQ5  s’1). 

The  origin  of  the  factors  that  can  eliminate  the  rate  of  ET  for  immobilized  RC  at  shorter  distances  to  electrode  is  not 
dear  at  the  moment.  Among  them  might  be  charge  transfer  within  the  protein  and  between  the  protein  and  the  other 
electrodes,  the  effects  which  are  not  well  understood. 

2.2  Reorganization  energy. 
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Fig-  3*  A*  Ellipsometrie  thicknesses  of  carboxyl  terminated  (the  bottom  part  of  the  bars),  Ni(NTA)  terminal  (the 
bottom  +  the  middle  parts  of  the  bars),  and  RC  terminated  (the  total  bars)  monolayers  made  with  linkers  I,  2,  3* 
and  4  on  gold  electrode.  Note  the  same  thickness  of  the  protein  layer  (the  top  part  of  the  bars)  in  all 
preparations,  only  ihe  distance  to  electrode  (the  bottom  parts  of  the  bars)  varies.  B.  Electron  micrograph  of  a 
carbon  electrode  (carbon  grid)  covered  with  RC  monolayer  (magnification  320  GOOx). 
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Fig*  4,  A.  Photocurrent  transitions  at  the  beginning  of  illumination  lor  RC -modi  lied  gold  electrodes  with  RC 
proteins  sitting  on  the  top  of  NTA-terminatcd  SAMs  made  with  linkers  l,  2,  3  and  4,  respectively.  Electrode 
potential  was  +0.10  V,  other  experimental  conditions  are  the  same  as  in  figure  2.  B.  Dependence  of  the  rate 
constant  for  the  photocurrent  increase  at  the  beginning  of  illumination  (light  ON,  □),  photocurrcnt  decay  at  the 
cessation  of  illumination  (light  OFF,  Ah  and  steady-state  photocurrent  (*)  on  the  distance  between  RC  and 
gold  electrode  (for  linkers  1,  2,  3,  and  4,  expressed  at  abscissa  of  the  graph  in  methylene  units  (n).  The  filled 


lines  represent  a  calculation  using 


with  p  =  0.87. 


The  advantage  of  photosynthetic  RC  compare  to  other  photoactive  proteins  for  the  construction  of  photoactive  surfaces  is 
in  its  rather  rigid  structure  that  allowing  for  operation  in  frozen  solutions  [2,  6,  32]  and  in  solid-state  devices  [33].  To 
estimate  reorganization  energy  of  ET  between  RC  and  gold  electrode  we  measured  ON,  OFF  and  steady-state  ET  rates 
for  the  constructed  surfaces  at  various  potentials  of  the  working  electrode.  Calculations  were  performed  by  fitting 
Marcus'  model  integrated  over  the  density  of  electronic  states  of  gold  electrode  [34,  35]  into  the  experimental  data 
assuming  the  normal  midpoint  potential  of  the  primary  donor  (Em)  equal  to  +0,47  V.  The  pertinent  equations  were  the 
following: 


W  =  nFA  IwTRC* 

kss,n.d  ”  kox  rj  j  —  Ked.n.d 
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n  ^app 


=  PPkaT  £ 

rte-100 

100 

=  «PV  Z 

I^-J00 


exp{-(.v-(/1+^)/^r):!(feBr/4/l)} 

1  +  exp(jr) 

e\p{-(j:-(/t-^)/^r):(AA<7,/4/l)) 

1  +  exp(.x) 


p=  jio  exp(-pd) 

where  is  the  steady  state  photocurrent  for  a  given  overpotential  (q)  and  SAM  thickness  (d),  n  is  the  number  of 
electrons  transferred  per  RC  per  reaction  event  (n  =  l),  F  the  Faraday  constant  (F  =  96,487  C/mole  e-),  A  is  the  electrode 
area  (A  -  1  cm2),  V ac*  is  the  surface  density  of  RC  {3  x  10'u  moles/cm2)  contributing  to  steady  state  photocurrent,  Em  is 
the  potential  applied  to  the  electrode,  Emp  is  the  midpoint  (formal  potential)  of  the  co  factor  (i.e.,  cytochrome  c  or  the 
primary  donor)  directly  exchanging  electrons  with  the  electrode,  k^n  n  is  the  i]  and  d  dependent  net  rate  of  electron 
transfer  from  Q2  in  solution  to  the  electrode  via  RC  mediated  electron-transfer,  is  the  r\  and  d  dependent  rate  of 
electron  transfer  from  Q2  to  the  electrode  via  RC  mediated  electron -transfer  contributing  to  krtj  ^  is  the  ^  and  d 
dependent  rate  of  electron  transfer  from  the  electrode  to  Q2  via  RC  mediated  electron-transfer  contributing  to  kM ,,  n,  X  is 
the  electron  transfer  reorganization  energy  barrier,  ji  is  the  distance  dependent  overlap  or  coupling  between  the  electronic 
orbitals  of  the  electrode  and  co  factor  directly  exchanging  electrons  with  the  electrode,  p  is  the  density  of  electronic  states 
of  the  electrode,  p,,  is  the  orbital  coupling  at  zero  distance  separating  the  cofactor  and  electrode  and  x  is  electron  energy 
relative  to  the  Fermi  level.  T  is  the  temperature  and  kH  is  the  Boltzmann  constant.  It  is  important  to  note  here  that  the 
observed  photocurrent  was  cathodic  (Le*  issryJand  are  <  0)  indicating  a  net  transfer  of  electrons  From  the  electrode. 


For  the  estimation  of  reorganization  energy  (X)  from  experimental  data,  we  approximate  the  ET  rate  constant  7  by  the 


discrete  sums  as  described  above  and  then  minimize  the  deviation  of  the  rate  constants  7 


*.(■*) 


as  a  function  of  A  from 


the  measured  rate  constants  7 ; 


Minimization  was  done  by  Newton’s  method  using  modified  software  LOQO  [36]. 


For  the  short  linkers  our  calculations  show  consistent  low  reorganization  energy  (X  =  0*21-0,23  eV  for  ON,  OFF  and 
steady-state  photocurrent  (Table  2),  This  low  X  is  similar  to  estimated  tor  ET  within  the  protein  in  solution  by  differential 
absorption  spectroscopy  [21,  26-28]  and  confirms  the  idea  that  protein-short  linker-electrode  complexes  have  rigid 
structures  and  do  not  perform  substantial  conformational  changes  in  the  course  of  photoactivation*  At  longer  distance 
between  RC  and  electrode  the  results  show  considerable  increase  in  X  (Table  2)  possibly  due  to  linker  mobility  and 
protein  tilting* 

Thus,  after  immobilization,  photosynthetic  RC  retains  its  shape  and  the  main  ET  properties,  including  its  ability  for 
photoinduced  ET,  similar  to  those  estimated  for  this  protein  by  differential  absorption  spectroscopy  in  solution  and  in 
vivo.  The  ET  between  RC  and  electrodes  occurs  with  low  reorganization  energy  (0,23  eV)  and  thus  the  surfaces  are 
suitable  for  the  construction  of  solid-state  photoelectron ic  and  photovoltaic  devices*  The  ET  in  the  constructed 
monolayers  follows  tunneling  mechanism  with  distance  dependence  factor  equal  to  0.87  per  methylene  unit*  Estimated 
by  extrapolation  from  nonadiabatic  area  the  maximal  tunneling  rate  constant  for  ET  from  the  flat  electrode  to  RC 
primary  donor  is  about  I05-106  s'1,  and  thus,  additional  protein  and  electrode  modifications  might  be  required  for 
improving  electrical  contact  between  the  protein  and  electrode. 
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Table  L  Thicknesses  (in  A)  of  gold  electrodes  with  carboxy- terminated  SAMs*  NifNTAHerm  mated  SAMs,  and  Ni(NTAJ-terminated  SAMs 
with  bound  poly  histidine-labeled  RCs.  Thickness  of  the  protein  layers  was  calculated  by  subtraction  of  thickness  of  underlying  Ni(NTA)- 
terminatcd  SAMs. 
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3.  CONSTRUCTION  OF  SOLID-STATE  PHOTOVOLTAIC  DEVICES  BASED 
ON  PHOTOSYNTHETIC  PROTEINS 


The  principles  developed  in  our  work  with  RC- functionalized  electrodes  in  buffered  solutions  formed  a 
background  for  the  construction  of  an  RC-based  solid-state  photovoltaic  device.  In  this  case  instead  of 
buffer  we  used  [TO  and  €60  as  conductive  materials  [33]. 

The  short  circuit  current  density  of  the  constructed  photovoltaic  device  was  0,12  mA/cm2  under  an 
excitation  intensity  of  10W/cm:  at  ^=808  nm.  Assuming  a  perfectly  formed  RC  monolayer  of  density  3  X 
I0"t:  mol.cm\  and  given  an  extinction  coefficient  of  2.9  x  105  M"1  cm'1,  [37]  we  calculate  the  optimum 
photocurrent  as  1  mA/cm\  where  we  have  ignored  possible  micro  cavity  effects  due  to  reflections  from  the 
ITO/Au  electrode  and  assumed  100%  reflection  of  the  optical  pump  by  the  Ag  cathode.  Thus,  under  short- 
circuit  conditions,  a  conservative  estimate  of  the  internal  quantum  efficiency  of  the  device  is  12%.  These 
results  suggest  that  photosynthetic  complexes  may  be  used  as  an  interfacial  material  in  photovoltaic 
devices.  Evolved  within  a  thin  membrane  interface,  photosynthetic  complexes  sustain  large  open  circuit 
voltages  of  1.1V  [6]  without  significant  electron-hole  recombination,  and  they  may  be  self-assembled  into 
an  insulating  membrane,  further  reducing  recombination  losses.  Given  typical  quantum  yields  for  photo- 
induced  charge  generation!  of  >95%  it  is  expected  that  the  power  conversion  efficiency  of  a  RC-based 
solid-state  photovoltaic  device  may  approach  or  exceed  20%.  [33] 

4  FABRICATION  OF  SELF-ASSEMBLED  PROTEIN  SUPRACOM  FLEXES  ON 

INORGANIC  ELECTRODES 

In  photosynthesis,  cytochrome  c  acts  as  a  diffusible  ET  mediator  to  the  RC  primary  donor.  Precisely 
adapted  by  the  evolution  for  the  interaction  with  RC,  cytochrome  c  penetrates  inside  the  RC  protein  at  the 
side  of  primary  donor  (special  pair,  P)  leading  to  a  high  efficiency  of  ET  between  these  two  proteins  [38- 
41],  At  the  same  time,  because  of  a  relatively  small  size  cytochrome  can  efficiently  exchange  electrons 
with  electrodes  at  either  protein  orientation  after  immobilization  on  electrode  surface  [30,  42-44]. 
Therefore,  if  a  RC-cytochrome  complex  can  be  formed  on  an  electrode  it  might  open  a  possibility  for  an 
efficient  electrical  connection  between  RC  and  the  electrode. 

To  test  the  possibility  for  the  construction  of  a  multi-protein  ET  chain  (a  supraeomplex  of  RC  and  a 
cytochrome)  on  an  electrode,  we  initially  assembled  a  SAM  with  oriented  and  aligned  monolayers  of  RC 
protein  on  gold  electrodes  [4],  The  carboxyl  terminated  alkanethiol  self-assembled  monolayer  was  formed 
as  described  above  and  then  converted  to  nitrillotriacetie  acid  (NTA)  terminated  SAM.  After  chelating  this 
surface  with  Ni2*,  an  oriented  RC  layer  with  the  primary  donor  facing  the  electrode  was  assembled  on  the 
top  of  the  SAM  layer  [4],  Then  cytochrome  c  (horse  heart.  Sigma)  was  added  to  the  buffer  and  incubated 
with  the  electrode  for  about  an  hour  [45]. 

Illumination  of  the  constructed  surface  demonstrated  its  ability  to  generate  photocurrent  with  the  direction 
of  electron  transfer  from  the  electrode  to  protein  and  thus  confirmed  the  expected  protein  orientation.  After 
incubation  with  cytochrome  c  we  observed  a  time-dependent  improvement  of  the  photocurrent  which  after 
few  minutes  of  incubation  reached  an  intensity  of  40-100  times  higher  than  the  initial  value  (Fig.  5).  The 
increase  in  photocurrent  was  observed  both  with  oxidized  and  reduced  forms  of  cytochrome  c.  Washing  out 
the  cytochrome  after  the  photocurrent  reached  saturation  (about  1  min  of  incubation  with  cytochrome  c)  did 
not  reduce  it  to  the  initial  low  level,  indicating  the  irreversible  nature  of  the  changes  induced  by 
cytochrome  in  the  system. 

To  test  the  possibility  of  the  formation  of  a  complex  between  the  proteins  on  electrode  we  performed 
surface  plasmon  resonance  (SPR)  experiments  (with  Biacore  3000,  Sweden).  In  these  experiments 
commercial  NTA-chips  (Biacore)  were  used.  In  the  course  of  the  experiments  the  NTA  surface  was 
initially  activated  with  N1CI2  and  then  RC  protein  was  added.  The  extent  of  both  Ni2+  and  RC  binding  to  the 
surface  were  followed  by  SPR  (Fig.  5).  After  RC  binding  to  the  chip  and  removing  of  excess  RC  protein 
with  running  buffer,  cytochrome  c  was  injected  into  the  buffer  and  the  increase  in  the  surface  thickness  was 
monitored.  The  efficiency  of  bindings  (i.e.,  the  binding  and  dissociation  constants)  of  RC  to  Ni-NTA  and 
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cytochrome  e  to  RC  were  calculated  from  the  experimental  curves  obtained  at  various  concentrations  of  the 
proteins.  The  results  were  compared  to  the  know  for  the  proteins  in  lipid  layers  and  in  solutions  (Table  3). 
The  data  demonstrate  RC-cytochrome  dissociation  constants  KD  =  0.8e-8  and  1 1 e-S  (M)  for  reduced  and 
oxidized  forms  of  cytochrome,  respectively.  That  is  similar  to  the  estimated  binding  constants  of  the  same 
forms  of  cytochrome  to  RC  imbedded  in  lipid  membrane  (KD  =  L0e-8  and  1 5 e-S  (M))  [46],  and  for 
interaction  of  cytochrome  and  RC  proteins  in  solution  (KD  -  30e-8  (M))  measured  by  spectroscopic 
techniques  [41]* 


Q 


Self-assembly  of  RC-Cytochrome 
supra  complexes  on  a  chip 


Fig*  5*  A.  Steady  state  photocurrent  in  gold  electrode  covered  with  RC  and  with  -  -)  and  without  ( - ) 

cytochrome  c.  The  arrows  indicate  light  ON  (|)  and  OFF  (t).  B.  SPR  detection  of  the  binding  of  Ni2+,  RC, 
and  cytochrome  to  NTA  surface.  The  arrows  indicate  the  periods  of  time  ON  (T  )  and  OFF  (|)  when  NiS04, 
RC*  cytochrome  c,  and  EDTA  were  in  the  running  buffer. 

Estimation  of  the  ratio  between  RC  and  cytochrome  in  the  constructed  complexes  from  the  intensity  of  SPR 
signals  belonging  to  RC  and  cytochrome  after  a  correction  for  their  molecular  masses  (96  and  13  kDt 
respectively  [1 1,  46,  47]}  gives  ratio  1:1.04  (Fig.  5)  indicating  the  formation  of  1:1  complexes  between 
these  two  proteins.  The  addition  of  0.35  M  EDTA,  a  chelator  that  specifically  disrupts  the  NTA-Ni-polyHis 
complex,  to  the  running  buffer  removes  most  of  the  proteins  from  the  surface  conferming  specific  binding 
of  RC-cytochrome  complex  to  the  electrode  through  RC  polyhistidine  tag* 

Table  3.  Kinetic  parameters  for  the  binding  of  cytochrome  c  to  RC  on  electrode  surfaces. 


Reaction 

Ka  (1/Ms) 

Kd  (1/s) 

K„(M) 

Surface 

Reference 

Oxidized  Cyt  to  RC-WT 

95.5e3 

4Jie-3 

4.93e-8 

COOH 

This  work 

Oxidized  Cyt  to  RC-his 

2.64e3 

2.19e-3 

0.83C-8 

Ni-NTA 

This  work 

Reduced  Cyt  to  RC-his 

9.7  le3 

1.07e-3 

lle-8 

lsii-NTA 

This  work 

Oxidized  Cyt  c  to  RC-WT 

1.0e-8 

Lipid  Layer 

[46] 

Reduced  Cyt  c  to  RC-WT 

15.0e-8 

Lipid  Layer 

146] 

Reduced(?)Cyt  to  RC-WT 

30e-8 

Solution 

mu _ 

where  Ka  is  association  constant,  Kd  is  dissociation  constant*  and  KD  is  binding  constant. 


These  results  show  that  the  wiring  of  RC  special  pair  that  is  deeply  buried  inside  the  protein  to  the  electrode 
can  be  substantially  improved  by  incorporation  into  RC-SAM -electrode  complex  another  protein, 
cytochrome  c.  The  same  principles  of  self-assembly  protein  supracomplexes  on  a  chip  can  he  utilized  for 
the  construction  of  other  highly  efficient  photovoltaic  and  photo-electronic  devices. 

5,  CONCLUSIONS 

Our  results  demonstrate  that  being  bound  to  inorganic  electrodes  photosynthetic  reaction  centers  can  serve 
as  efficient  photovoltaic  devices,  optical  switches,  or  rectifiers.  For  ET  between  RC  and  electrode  a  design 
with  direct  tunneling  might  be  the  best  choice.  Biological  principles  of  protein  sdf-assemblv  seem  to  be 
efficient  for  the  construction  of  multifunctional  supramolecular  ET  complexes. 
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